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As the landscape of scientific research and new discovery becomes increasingly 32 interdisciplinary, in both the makeup of diffuse research teams and in the composite nature of 33 hypotheses being examined, it is becoming important to quantify the way in which individual 34 disciplines interact and how new ones contribute to knowledge generation. According to a 35 National Academies report entitled, Facilitating Interdisciplinary Research (2004) , 36 interdisciplinary research is "...a mode of research by teams or individuals that integrates 37 information, data, techniques, tools, perspectives, concepts, and/or theories from two or more 38 disciplines or bodies of specialized knowledge…" The purpose of these interactions are to 39 either "...advance fundamental understanding or to solve problems whose solutions are beyond 40 the scope of a single discipline or area of research practice." These specific outcome-orientated 41 restrictions delineate interdisciplinary research from mere collaborations and/or aggregated 42 multidisciplinary work, which may satisfy the composition of the research teams though not fulfill 43 the stated purposes in providing emergent insights. These restrictions beg the question of 44 whether research we are currently conducting and referring to as interdisciplinary is actually 45 addressing emergent questions (heretofore unanswerable using normal approaches from 46 constituent disciplines) or are we simply borrowing approaches and techniques established from 47 "...it explicitly encompasses and builds upon the role of heterogeneity in space as well as time." 79 It can be argued that the primary role that landscape ecology has played in the formation of 80 landscape genetics is through analytical advances and integration of sophisticated approaches 81 to quantifying spatial heterogeneity, particularly through the integration of geographic 82 information systems (GIS) into their analyses. In most landscape genetic studies, these 83 techniques provide the basis for the predictor set of variables under consideration. Despite the 84 specifics of the contribution, there is a clear point at which a landscape ecological study will be 85 categorized as landscape genetics; namely when the study includes the use of genetic markers. 86
87
Identifying the characteristics of hypotheses that separate landscape genetic studies from 88 population genetic ones is much more difficult. Due in part to its longevity, population genetics 89 has developed a more broad scope of research directions, focusing on both micro-and macro-90 evolutionary mechanisms. Population genetics, in both theory and practice, examines the 91 mechanisms of evolutionary processes and how they influence within and among groups 92 dynamics. There are clearly kinds of research questions in population genetics that would not 93 be easily mistaken for landscape genetics, as they do not include the environment through 94 which populations are interacting. However, there is a long history of population genetic studies 95 that have specifically included ecological and/or spatial data in the analyses of genetic 96 connectivity and structure (e.g., Smouse et al. 1987 , Piertney et al. 1998 Charlesworth 1999) making large fractions of population and landscape genetic studies virtually 98
indistinguishable. As such, the inclusion of spatio-ecological predictor variables alone does not 99 reclassify a population genetic study as landscape genetics and identifying the boundaries 100 separating population from landscape genetics much less clear. 101
102
Applying model-based clustering of genetic information with external landscape and ecological 103 features may not be sufficient to justify the use of interdisciplinary or to support the de novo 104 creation of a sub-discipline. For that, the outcome of the research must advance fundamental 105 understandings or provide insights that progenitor disciplines could not ascertain. Looking back 106 at the definition, Manel et al. suggest this very thing saying, "Landscape genetics can resolve 107 population substructure across different geographic scales at fine taxonomic levels, thus it is 108 different from the existing understanding of the microevolutionary processes that generate 109 genetic structure across space." At a minimum, this suggests that landscape genetics defines a 110 novel body of knowledge able to identify emergent processes that either landscape ecology or 111 population genetics could not characterize. These processes used in landscape genetics can 112 specifically address the causative ecological and spatial forces influencing the formation and 113 maintenance of genetic structure in a way that was previously unreachable. If true, then 114 landscape genetics is indeed interdisciplinary and it may contain insights that, through 115 introgression of either methodological or theoretical approaches, would benefit both landscape 116 ecology and population genetics greatly. More importantly though, if landscape genetic studies 117 do define a cohesive set of hypotheses and/or approaches that are divergent, then it has the 118 potential to serve as a direct conduit through which fundamental understandings within both 119 Ecology or Evolution (sensu lato) may be exchanged bringing the evolutionary process into 120 tighter connection to the ecological contexts within which they operate. A lofty goal indeed! 121
122
Here I examine the body of literature defined as landscape genetics to determine if it contains 123 the two components-contributions from two or more disciplines and emergent insights-124 necessary for it to be considered interdisciplinary research. Rather than summarizing the 125 results from recently published empirical papers (there are already enough review papers on 126 this topic), I instead examine the textual structure of all manuscripts self-identified as landscape 127 genetics using methods of text mining and natural language processing. From these 128 manuscripts and a representative sample of ones unambiguously classified as landscape 129 ecology and population genetics, I quantify the composition of the Introduction and Methods 130 sections to determine if the kinds of questions being asked and the ways in which the research 131 is implemented support landscape genetics as an interdisciplinary field addressing emergent 132 hypotheses. In light of the results generated, I discuss the current state of landscape genetics, 133 its relationship to its progenitor disciplines, and provide suggestions for future research 134 directions that aid in understand the interaction of ecological context, spatial heterogeneity, and 135 microevolutionary processes. Moreover, I hope the results presented spark continued 136 development of both theory and applications for this unique intersection of ecological and 137 evolutionary research. 138 identified by inclusion of the words "landscape genetic" as a component of the supplied 145 keywords, the title, or contained within the Abstract (n.b., the plural was also used). Similar 146 collections of manuscripts self-identified as landscape ecology (LE) and population genetics 147 (PG) spanning the same time period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) The discriminant functions were defined on separate covariance estimates for ! !" and ! !" , 198 denoted ! !" and ! !" . Then ! !" manuscripts were classified, assuming priors equal to the 199 relative frequency of LE and PG papers (denoted as ! !" and ! !" ) as belonging to the LE 200 . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/018192 doi: bioRxiv preprint first posted online Apr. 16, 2015; category when 201
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The applicability of derived discriminant functions were evaluated using the assignment error 209 rate (e.g., the mis-assignment of LE or PG manuscripts). Equality of assignment of LG papers 210 to LE and PG discriminant regions indicating an equal contribution of both progenitor discipline 211 to the body of LG manuscripts, was quantified using a binomial test. 212
Circumscribing Landscape Genetics
213
Compositional makeup alone is insufficient to categorize landscape genetics as an 214 interdisciplinary field, it also requires the ability to gain insights that are beyond the scope of the 215 original disciplines. From its inception though, it has been suggested that landscape genetics 216 "...is different from the existing understanding of the microevolutionary processes that generate 217 genetic structure across space." (Manel et al. 2003) , satisfying via assertion this requirement. 218
To identify potentially emergent insights that the field of landscape genetics brings, the 219 frequency distribution of stemmed terms in the Introduction and Methods sections of LG, LE, 220
and PG manuscripts were compared to identify terminologies overrepresented in each 221 discipline. Overrepresentation of specific terms may provide inferences into how landscape 222 genetics provides insights into these microevolutionary processes unappreciated in the other 223 revealed 3,768 PG manuscripts refined using the term "evolutionary biology." From these 238 manuscripts 179 were removed as they contained the term "landscape genetic" or "landscape 239 ecology" in the title, abstract, or keywords and thus would not be appropriate for inclusion in 240 discriminant functions describing putatively pure PG papers. Searches for LE manuscripts 241 refined by "ecology" yielded 3,646 manuscripts, of which 259 also contained the search terms 242 "landscape genetics", "population genetics", or "genetics" in the title, abstract, or keywords and 243 were similarly removed. A random selection of 100 manuscripts defined as non-review were 244 randomly selected from the LE and PG repositories and used for subsequent analyses. All self-245 identified LG manuscripts were manually categorized following the definitions in Table 1 . By far, 246 
Fusion Analysis
251
The discriminant functions were relatively well behaved with a total probability of 252 misclassification (e.g., the observed probability of classifying an LE manuscript as PG or vice As a consequence, research manuscripts identified as landscape genetic are much more similar 261 to manuscripts classified as population genetics than to manuscripts identified as landscape 262 ecology. Density estimation for LE, LG, and PG discriminant scores from these analyses shows 263 the extent to which LG is intermediary, though highly skewed, between the distribution defining 264 LE and PG manuscripts (Figure 2) . 265
Circumscribing Landscape Genetics
266
Differences in term usage between LG, LE, and PG papers (Table 2 ) highlight the particular 267 focus of landscape genetic studies and how they differ from LE and PG manuscripts. In the 268
Introduction section, the specific word stems distanc, barrier, and connect were all found to be 269 overrepresented in LG manuscripts. That is not to say that these terms were not found in LE or 270 . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/018192 doi: bioRxiv preprint first posted online Apr. 16, 2015; PG manuscripts, in fact, they occurred at a rate of 0.21, 0.09, and 0.20 for LE papers and 0.16, 271 0.18, and 0.15 for PG papers (respectively), they were just more commonly found in LG 272 manuscripts. The Methods sections showed more idiosyncratic differences with only one term 273 found at elevated frequencies in LG manuscripts over both LE and PG: mantel. It is perhaps 274 not surprising given the overrepresentation of distanc, that mantel (the most common way in 275 which distance matrices are evaluated) was found in the Methods section. As in the 276
Introduction section, none of the most overrepresented terms in LG papers were missing from 277 the other manuscripts' categories (LE frequencies range for top LG terms: 0.01-0.41; PG 278 frequency range: 0.03-0.53), they were just used at elevated frequencies. 279
280
A hierarchical analysis of the Methods section for self-identified LG papers showed clear 281 clustering of manuscripts (Figure 3 ). Bootstrapping the stemmed terms revealed a total 13 282 separate clusters of manuscripts whose nodes were supported with at least 95% confidence. 283
The main bifurcation in Figure 3 is just shy of that at 94% bootstrap support and is indicated as 284
shown. It appears that as a group, there is not a single kind of manuscript that characterizes 285 landscape genetics but rather there are divergent categories. To aid in summarizing the 286 differences between the main groups, the relative frequency of stemmed term usage was 287 estimated to identify overrepresentation of particular terms unique to that group and is depicted 288 by wordcloud inserts for the top ten most overrepresented terms in each cluster. The smallest 289 cluster has only three manuscripts and the relative frequency of term usage should be 290 
compar, whereas the unique terms for the lower clade are sampl, popul, number, studi, and 296
analysis. The differences seen do not represent words unique to the clade, rather they occur at 297 an increased frequency when compared to the remaining manuscripts. Of note, and particularly 298 critical to the differences as depicted by term usage, is that the
305
As a whole, the data show that self-identified landscape genetic papers overwhelmingly 306 resemble studies in population genetics, both in how the questions are formulated (a 2:1 307 allocation bias) and the methodologies that are used to answer them (a 3:1 bias). The relative 308 term frequency usage for both the Introduction and Methods sections (Table 2) suggest that as 309 a whole, both landscape ecology and population genetics are much broader fields addressing a 310 wider array of question as indicated by the the maximum frequency bias for both landscape 311 ecology and population genetic studies being lower than the top ten terms defining landscape 312 genetics. The differences between landscape ecology and landscape genetics are denoted by 313 the use of terms such as genet, gene, genotyp, dna, linkag, and pcr, clearly related to the 314 addition of genotypic data and highlighting the ease at which the two fields may be 315 differentiated. That is not to say that the history of landscape ecology is entirely devoid of the 316 use of population genetic theory (e.g., Manicacci et al. 1991) , the distinction simply provides an 317 identifiable delineation. When compared to population genetics, terms such as landscap, 318 spatial, barrier, and distanc are overrepresented in landscape genetic studies. As previously 319
.
noted, it would be a fragile argument to suggest that population genetic studies are distinct from 320 landscape genetic ones because they do not focus on spatial structure, barriers, or the use of 321 distance measures, these were all present in population genetics well before we call population genetics dating from Cotterman (1940) , Wright (1943) and Malécot (1948) , is 368 based upon population-level inferences. As a result, the parameters estimated to describe 369 . approximates a coalescent process). Perhaps in response to this, a large portion of empirical 380 landscape genetic studies rely upon stochastic simulation approaches (e.g., Figure 1) as a way 381 to circumvent, either consciously or otherwise, the lack of theoretical connections. The benefit 382 of a simulation-based approach is that one can examine highly specialized situations, though 383 this benefit is paid for by a lack of generality. Simulation alone cannot take the place of theory, 384 a criticism that has been leveled in population genetics as well; running ms is not the same as Comparatively, the level of sophistication that has been developed to create the components of 448 this relationship (i.e., G, E, and ~f()) is highly skewed. Largely borrowed from landscape 449 ecology, the characterization of physical and ecological separation between observations as 450 depicted in E is highly developed and rather sophisticated. The various IB* predictors and the 451 models within which they are analyzed such as least cost path and circuit theory, are continuing 452 to be developed, are quite novel, and very precise. These developments offer the researcher a 453 wide range of potential predictor variables and variable configurations. To a lesser degree, the 454 statistical approaches based upon the analysis of distance matrices have seen similar 455 development and refinement. Largely, work on understanding how to conduct the analyses has 456 focused on refining the tools we already have; a better Mantel, a more sophisticated Moran's I, 457
CC-BY-ND
etc. The consequence of this is that we've been able to ask the same kinds of questions in a 458 more precise manner, though we are still asking the same questions. 459 460 Unfortunately, the way in which we characterize G has generally languished. The use of 461 pairwise genetic structure is an aged approach. The use of pairwise structure may be quite 462 robust in the long term but is often too slow to track contemporary processes (e.g., Dyer 2007). are estimated utilizing the entirety of the data set rather than set of pairwise contrasts. While 478 these approaches have allowed the movement beyond classical population genetic parameters, 479 active development in the way in which we characterize population genetic data to bring it to the 480 level at which landscape ecologists have developed spatial data presentation is sorely needed. 481
It is time for the population geneticists to become more involved in landscape genetics. There is 482 a real opportunity here to not only introduce existing tools that are not being utilized to their full 483 potential, but also to push the envelope in how we characterize genetic data and how we 484 connect landscape scale processes (both spatial and temporal) into the existing body of 485 evolutionary theory. 486
Conclusion
487
After looking at how landscape genetic studies are portrayed through a textual analysis of 488 published manuscripts, it appears that the field is neither unique nor uniform. It is borrowing 489 disproportionately from population genetics and to a lesser extent landscape ecology. There 490 does not seem to be an indication that landscape genetics addresses questions and hypotheses 491 that other disciplines cannot answer despite the initial suggestion that it does so, relegating it to 492 . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/018192 doi: bioRxiv preprint first posted online Apr. 16, 2015; perhaps more multidisciplinary in nature than interdisciplinary. 493 494 A reviewer of this manuscript posited that just because the data presented herein does not 495 support the notion that landscape genetics has yielded insights unattainable by either landscape 496 ecology or population genetics, it does not mean that it will not. Indeed, the purpose of this 497 opinion piece is to evaluate the interdisciplinary characteristics of landscape genetics and to 498 look at the body of work in an alternative way with the hopes of finding the components that 499 need additional development. These data shed some light on some of the things that need 500 consequences of heterogeneous landscapes using distance matrices and Mantel tests. This is 515 probably the least beneficial route as it essentially leaves landscape genetics as a grab bag of 516 loosely related questions and approaches. It is also possible that one of the groups may be 517 . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/018192 doi: bioRxiv preprint first posted online Apr. 16, 2015; subsumed under a yet to be coined moniker, something perhaps all too common in biological 518 sciences, though allowing both sections (individual transient movement vs. effects landscapes 519 have on population genetic structure) to focus more intently on how the specific kinds of 520 hypotheses these approaches provide broad biological relevance. Lastly, and the route for 521 which I advocate, is that the relevant theory connecting individual and population level analyses 522 be developed. While landscape genetics has generally been using population genetic 523 hypotheses and methodologies, it has only been using a small fraction of even the available 524 tools and is ripe ground for continued theoretical development. Independent of which trajectory 525 the field takes, the continued integration of spatial and ecological contexts into the analyses of 526 microevolutionary processes will only aid in tightening the connections between the fields of 527
Ecology and Evolution, sensu lato, and perhaps more importantly spark continued refinement of 528 the kinds of questions we address. 529
530
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Category Criteria
Review
The manuscript contained a review of existing landscape genetic studies and/or how landscape genetics could be leveraged into an existing field of study
Simulation
The manuscript either conducted simulations and/or modeling as a component of the work or introduced novel statistical approach requiring the development of new approaches
Animal
The manuscript analyzed an empirical data set from an animal species
Plant
The manuscript analyzed a data set from a plant, algal, and/or fungal species.
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